Cerebral ischemia rapidly initiates structural and functional changes in brain vessels, including blood-brain barrier disruption, inflammation, and angiogenesis. Molecular events that accompany these changes were investigated in brain microvessels extracted using laser-capture microdissection (LCM) from Sprague-Dawley rats subjected to a 20 min transient global cerebral ischemia followed by 1, 6, or 24 h reperfusion. Proteins extracted from ϳ300 LCM captured microvessels (20 -100 m) were ICAT-labeled and analyzed by nanoLC-MS. In-house software was used to identify paired ICAT peaks, which were then sequenced by nanoLC-MS/MS. Pattern analyses using k-means clustering method classified 57 differentially expressed proteins in 7 distinct dynamic patterns. Protein function was assigned using Panther Classification system. Early reperfusion (1 h) was characterized by down-regulation of ion pumps, nutrient transporters, and cell structure/motility proteins, and up-regulation of transcription factors, signal transduction molecules and proteins involved in carbohydrate metabolism. The up-regulation of inflammatory cytokines and proteins involved in the extracellular matrix remodeling and anti-oxidative defense was observed in late reperfusion (6 -24 h). The up-regulation of IL-1␤ and TGF-1␤ in ischemic brain vessels was confirmed by ELISA, quantitative PCR, and/or immunohistochemistry. A biphasic postischemic (1 and 24 h) BBB opening for 3 H-sucrose was evident in the same model. Differentially expressed proteins identified in brain vessels during reperfusion are likely involved in orchestrating functional vascular responses to ischemia, including the observed BBB disruption.-Characterization of vascular protein expression patterns in cerebral ischemia/ reperfusion using laser capture microdissection and ICAT-nanoLC-MS/MS. Haqqani, A. S., Nesic, M., Pres-
tion of the cerebral blood flow, and neuroimmune interfacing (1) . The NV unit is composed of functionally integrated cellular (including brain endothelial cells, astrocytes, pericytes, and smooth muscle cells) and acellular elements that form the basement membrane. Current understanding of the NV unit underscores the importance of multicellular interplay in the regulation of BBB function (2) .
Brain insults (e.g., stroke, trauma) or conditions (e.g., brain tumors) characterized by tissue hypoxia induce dynamic structural and functional changes in the NV unit, including BBB breakdown, vasoparalysis and hypoperfusion, leukocyte adhesion and infiltration, prothrombotic conversion, angio-and vasculogenesis (2, 3) . At the microanatomy level, alterations include disruption of inter-endothelial tight junctions, retraction of pericytes from the abluminal surface of the capillary, breakdown of the basal lamina with transudation of plasma, endothelial cell migration, and proliferation (2, 3) . This remodeling requires de novo synthesis of genes and proteins that enable dynamic changes in cell communication with other cells as well as extracellular matrix (ECM) (4) .
Vascular expression of various mediators during ischemic brain disease has been studied using "classical" approaches of in situ hybridization or immunohistochemistry (5) (6) (7) (8) (9) . However, the complexity of the NV unit remodeling in response to hypoxic or ischemic states necessitates integration of global molecular analyses enabled by genomics and proteomics technologies with correlative functional outcome measures. Recently, a study using targeted microarray of predominantly vascular genes implicated in angiogenesis demonstrated that most of the well-known angiogenic and vessel-stabilizing factors such as thrombospondins increased as early as 1 h after ischemia in peri-infarct brain tissues (7) . However, attempts to selectively analyze vascular molecular fingerprints have been hampered by use of whole brain tissue where specific vascular changes are easily masked by abundant parenchyma cells.
To examine molecular changes that occur specifically in cerebral vessels, we recently a developed laser capture microdissection (LCM) microscopy technique to extract microvessels from brain sections (10, 11) . Microarray gene expression analyses of LCM-captured tissues require the development of nucleic acid amplification protocols where the quantitative relationship between different transcripts is preserved (12) . Global protein analyses of such samples would provide a greater value in understanding changes in translated protein effectors of biological functions. However, isolation of a large number of cells (Ͼ20,000) by LCM is usually required to extract enough protein for analysis by gel-based proteomic methods (13) ; this method is not feasible for analyses of multiple samples. In this study, we have combined for the first time LCM isolation of brain microvessels with a non-gel, ICAT-based proteomic method to examine the biologically significant vascular protein expression changes in the animal model of global cerebral ischemia/reperfusion. This is the first report that describes the dynamic patterns of vascular protein expression that accompany and may participate in events linked to the BBB disruption, inflammatory endothelial activation, and initiation of cell cycle and angiogenesis.
MATERIALS AND METHODS

Cerebral ischemia/reperfusion
The global cerebral ischemia/reperfusion model was chosen for this study since it was expected that a large number of brain vessels would be required for a reliable proteomic analyses and, in contrast to focal ischemia models, an ischemic injury to the vessels would be more uniform and controllable in forebrain regions supplied by carotid arteries.
Sprague-Dawley rats of both sexes weighing 300 -350 g were obtained from Charles River Laboratories, Inc. (Wilmington, MA, USA). Rats were cage acclimated for at least 6 days prior to surgery and housed in pairs with free access to Purina rat chow and water. Bilateral cerebral ischemia using the two-vessel occlusion (2VO) model (14) was carried out under sodium pentobarbital anesthesia (65 mg/kg i.p.) and mechanical ventilation with a 30:70 O 2 :N 2 mixture. Physiological monitoring and appropriate adjustments to ventilation and warming devices were carried out to ensure presence of acceptable values for tympanic and rectal temperature (37.5°-38.0°C), blood pH (7.35-7.45) , pCO 2 (35-45 mm Hg), and pO 2 (Ͼ90 mm Hg). Bilateral carotid clamping for 20 min was combined with blood withdrawal through a tail artery cannula to maintain arterial pressure at 42-47 mm Hg. After blood reinfusion, clamp removal, and wound closure, rats were taken off ventilation, maintained normothermic (37.0°-37.5°C) until recovery from anesthetic, then returned to housing. Control animals were sham operated; their arteries were not clamped and blood pressure was not lowered. After surgery, the animals were allowed to recover for 1, 6, or 24 h, decapitated and brains were rapidly removed, wrapped in aluminum foil, and placed on dry ice. Separate groups of animals subjected to the above protocols were used to measure BBB permeability and for proteomics analyses of brain vessels. Experiments were carried out at the Animal Care and Veterinary Services of the National Research Council (Ottawa, ON, Canada) in accordance with guidelines of the Canadian Council on Animal Care.
Blood-brain barrier permeability measurements
At 1, 6, or 24 h after 2VO ischemia, rats were anesthetized with sodium pentobarbital, a femoral artery cannula inserted, and direct femoral i.v. injections of 0.3 and 0.5 mL saline were delivered containing, respectively, sodium heparin (300 U) followed by 30 Ci [
3 H]sucrose (NET 341, Perkin Elmer Life Sciences Inc., Wellesley, MA, USA). A syringe pump was immediately started (time 0) to withdraw a total 0.5 mL arterial blood sample over the next 30 min. At 0ϩ25 min the right carotid artery was cannulated; at 0ϩ30 min the heart was stopped with direct pentobarbital injection, jugular veins severed, and the head vasculature cleared of blood by carotid perfusion of 25 mL saline. Weighed samples of entire cerebral cortex and 50 L volumes of plasma were prepared for liquid scintillation counting. The concentration of each tracer was determined in brain parenchyma (C paren , dpm/g) and plasma (C plasma , dpm/mL). The latter value was corrected for dead space saline dilution and multiplied by the circulation time (1800 s) to provide the time-integrated plasma concentration ( 0 ͐ 1800 C plasma dt, dpm·s·mL -1 ). Transfer constants (K i s) were calculated from the following relationship based on a two-compartment model for BBB tracer permeation: K i ϭ C paren / 0 ͐ 1800 C plasmadt (15) (16) (17) .
Tissue sectioning and vessel staining
Frozen rat brains were embedded in Tissue-Tec freezing medium (Miles Laboratories, Inc., Elkhart, IN, USA) and sectioned in a cryostat (Jung CM3000, Leica, Richmond Hill, ON, Canada) at 8 m thickness. Sections were placed on Superfrost Plus microscope slides (Fisher Scientific, Nepean, ON, Canada) and kept at -80°C until use. The sections were fixed in 75% ethanol for 30 s, rinsed in water, stained with Ricinus Communis agglutinin I (RCA I) for 2 min to detect brain vessels as described elsewhere (10) , rinsed in water, and dehydrated by a sequential exposures to 70%, 96%, and 100% ethanol for 30 s each. Slides were air-dried for 1 min and used for laser-capture microdissection of vessels. The tissue fixation, staining, and dehydration procedures used are fast and mild, and result in excellent preservation of RNA (10, 11) .
Laser capture microdissection of brain vessels
LCM of cortical vessels was performed using a PixCell IIe Laser-capture Microscope (Arcturus, Mountain View, CA, USA), and high-sensitivity (HS) caps (CapSure LCM Caps, Arcturus, CA, USA), and ethylene vinyl acetate (EVA) membranes. Complete details of the protocol have been described elsewhere (10, 11) . Briefly, LCM of cortical brain vessels was performed using a 7.5 m laser spot size and pulse power of 20 -40 mW. Approximately 50 -60 cortical microvessels ranging in size from 10 to 50 m were captured onto each cap and at least 5 caps were captured (one per each of 5 sections) for each animal. The captured microvessel fraction contained capillaries, arterioles, and venules. Upon completion of microdissection, each cap was placed in an individual 0.5 mL Eppendorf tube (Brinkmann Instruments Ltd., Mississauga, ON, Canada) and frozen at -80°C until protein extraction. Vessels captured using these procedures are enriched in endothelial and blood-brain barrier markers (10) , but also have minimal GFAP contamination by RT-PCR (10) and likely contain pericytes and basement membrane fragments.
Experimental design
Since there were no other examples in published literature of ICAT applications to time series experiments, the experimental design was based on parallels between microarray and ICAT analyses: both involve labeling of molecules from two different samples and their mixing to compare relative expression levels of these molecules in a single experiment. A schematic of the experimental protocol is shown in Fig.  1 . All protein extracts from the 12 sham-operated animals were pooled to generate a universal reference sample (Fig. 1) , which was then labeled with light ICAT reagent. Extracts from the stroke-induced animals were kept separate during the labeling process. Each stroke sample was then mixed with the pooled reference group and processed as described in Fig. 1 . Pooling control samples (sham) minimizes the differences due to subject-to-subject variation, making differential expression easier to find. This is often desirable when primary interest is not on the individual, but rather on characteristics of the population from which individuals are obtained, such as identifying biomarkers or expression patterns common across individuals. The common reference design has not been found to perform worse than nonpooled designs (18) .
Protein extraction, ICAT labeling, and purification
EVA membranes from each cap were carefully removed and placed in protein extraction buffer (50 mM Tris-HCl, pH 8.5, 0.1% SDS). These were incubated, with shaking, at 65°C for 1 h to extract proteins. After extraction, samples originating from the same animals were pooled (5 caps per animal). All the proteins from the 12 sham-operated animals were also pooled and divided back into 12 equivalent fractions. The protein samples from the 12 ischemia-induced animals were kept separate. Protein yield was ϳ1 g from 300 LCMcaptured microvessels (collected from 5 sections in each animal).
Cleavable ICAT reagents (Applied Biosystems, Foster City, CA, USA) were used for this work. The reagents consist of a cleavable biotin group, an isotopic tag (heavy or light) and a cysteine-reactive group. The light reagent contains nine 12 C atoms and the heavy reagent contains nine 13 C atoms; the 9 Da difference allows the peptides labeled with light or heavy reagent to be readily distinguished on a nanoLC-MS spectrum (see Fig. 3B ). Protein samples from 12 ischemia-induced animals were separately labeled with an isotopically heavy ICAT reagent while the 12 equivalent samples from sham-operated animals were separately labeled with an isotopically light ICAT reagent. The labeling was carried out in denaturing buffer (50 mM Tris-HCl, pH 8.5, 0.1% SDS, 1 mM TCEP) as recommended by the manufacturer. The labeling reaction involves alkylation of cysteine residues in proteins by excess amounts of the ICAT reagent. According to the manufacturer's manual, the labeling efficiency of cleavable ICAT reagent is Ͼ98%. The conditions used were previously optimized by Aebersold and co-workers (19) such that the labeling is complete and efficient at various protein concentrations.
After labeling, each heavy ICAT labeled ischemic sample was mixed with an equivalent amount of the light ICATlabeled pooled control sample and digested with 30 g of trypsin (Promega, Madison WI, USA) at 37°C for 16 h. The resulting peptides were desalted using strong cation exchange chromatography (Applied Biosystems), the biotinylated ICAT-labeled peptides were affinity purified on an Avidin column (Applied Biosystems), and the biotin group was cleaved off using trifluoroacetic acid, all according to the manufacturer's protocol.
Mass spectrometric (MS) analysis
A hybrid quadrupole time-of-flight MS (Q-TOF™ Ultima, Waters, Millford, MA, USA) with an electrospray ionization source (ESI) and an online reverse phase nanoflow liquid chromatography column (nanoLC, 0.3 mm ϫ 15 cm PepMap C18 capillary column, Dionex/LC-Packings, San Francisco, CA, USA) was used for all analyses. The ICAT-labeled samples were separated on the nanoLC column using a gradient of 5-95% acetonitrile 0.2% formic acid in 50 min, 3.5 L/min supplied by a CapLC HPLC pump (Waters). Analysis of each of the 12 ICAT-labeled samples was done in two steps. In the first step, 5% of the samples were analyzed by nanoLC-MS in a survey (MS-only) mode to determine the ratio of all the heavy and light ICAT pairs and to identify differentially expressed pairs as described in the data analysis section. The differentially expressed pairs were included in a "target list." In the second step, the samples were reinjected (5%) into the mass spectrometer and only the peptides included in the target list were sequenced in a nanoLC-MS/MS mode. MS/MS spectra were obtained only on 2ϩ, 3ϩ, and 4ϩ ions. These were then submitted to Mascot search engine (Matrix Science Ltd., London, UK) (20) to search against a NCBI nonredundant, trypsin-digested (allowing 1 missed cleavage) rodentia database. Initial searches were restricted to cysteinecontaining peptides containing a variable modification with either heavy or light ICAT. Individual ion scores indicating identity or extensive homology (PϽ0.05) were considered significant (20) . The searches were also done without any Figure 1 . A schematic of the experimental design and protocols used in the study. Animals were subjected to a 20 min transient global cerebral ischemia and reperfused for 1, 6, or 24 h; sham-operated controls were treated as described in Materials and Methods. Cerebral vessels were extracted by LCM from several brain sections of each animal. Protein extracts from sham-operated animals were pooled to create a universal reference against which each ischemic animal was compared. ICAT labeling, ICAT peak analyses, peptide sequencing and data analyses protocols are as described in Materials and Methods.
restrictions to confirm that an ion identified as an ICAT peptide in a restricted search is not identified as another peptide with a significant score in an unrestricted search. The MS/MS spectrum of each identified ICAT-labeled peptides was manually examined and confirmed.
Data analysis
From the nanoLC-MS analysis of each ICAT-labeled sample, the peaks in all MS scans were background-subtracted, Savitzky-Golay-based smoothed and centroided using Masslynx™ software v4.0 (Waters), and exported as a list of text files (ϳ2500 -3000 files per nanoLC-MS analysis). Each file contained mass/charge (m/z) and intensity information for all the peaks in a scan. The text files were analyzed as follows using Perl-based software that was developed in-house. The charge state of each peak was determined and the peaks were deisotoped. Elution range (single ion chromatogram) for each 2ϩ, 3ϩ, and 4ϩ ion was determined and an integrated intensity was calculated. ICAT pairs were identified as all the coeluting peptide pairs separated by 9 Da (one cysteine) or 18 Da (two cysteine). It was necessary to normalize the intensities of the heavy and light peaks to correct for possible unequal mixing of the two samples. This correction was necessary in LCM samples since the starting amount of protein was very small and could not be reliably quantified using protein assays. A global median normalization method was used to correct for this. The ratio of corrected intensities of heavy and light pairs corresponding to fold change was calculated (ratioϭIntensity Heavy /Intensity Light ) and graphed on a scatter plot to visualize the distribution of the overall expression. The median H:L ratio in all 12 ICAT samples was between 0.85 and 1.2, with the expected ratio being 1, suggesting that the difference in total protein levels between sham and experimental (ischemic) samples was Ͻ 20%. ICAT pairs showing differential expression (up-or down-regulated by 1.5-fold) were manually confirmed and included in a target list for subsequent sequencing by nanoLC-MS/MS analysis as described above.
Statistical significance (P value) of each differential expression was calculated using a statistical method described for detecting biologically significant expression changes in microarray data (21) using Statomics v0.3 sofware with R language for statistical computing and graphics (v1.9.1). Once a list of differentially expressed proteins were identified in the 1, 6, and 24 h groups, their expression patterns over time were clustered using k-means clustering method in Matlab 7.0 software. The proteins were also categorized according to their functional groups using Panther Classification system (panther.celera.com).
ELISA
In separate experiments, 600 microvessels captured from control or ischemic animals were used to determine IL-1␤ by ELISA. The protein was extracted in 75 L of modified Salter's buffer (1.5% NP-40, O.75% DOC, and 0.3% SDS) by vortexing inverted LCM tubes for 1 h at 4°C. The protein extract was then sonicated for 3 intermittent 1 min intervals with a 1 min sample cooling on ice between pulses. Protein concentration in each sample was determined using DC protein assay (Biorad, Mississauga, ON). IL-1␤ levels in 50 L of LCM-captured vessel extracts were determined using ELISA kit (Biosource International, Camarillo, California, USA) as recommended by manufacturer.
Real-time quantitative PCR (Q-PCR)
SYBR
Green PCR Core Reagent Kits and an ABI Prism 7700 Sequence Detector System (Applied Biosystems Inc., Foster city, CA, USA) were used to conduct Q-PCR analyses in LCM-collected vessels using described previously methods (11) . The Q-PCR primers for TGF-1␤ (fwd-5Ј-GCTGCTGAC-CCCCACTGAT; rev-5Ј-TGCCGGACAACTCCAGTGA) and ␤-actin (fwd-5Ј-TGTCCACCTTCCAGCAGATGT; rev-5Ј-AGT-CCGCCTAGAAGCATTTGC) were designed according to the published sequences from GenBank and synthesized by Applied Biosystems.
Immunohistochemistry
Brain sections used for LCM-assisted vessel extractions were incubated in methanol (EM Science, Gibbstown, NJ, USA) for 10 min at 4°C and washed three times using 0.2 M phosphate buffer. The sections were blocked with Universal Blocking Solution (Dako Diagnostics, Mississauga, ON, Canada) for 30 min at room temperature. The blocking solution was removed without washing and sections were incubated with 5 g/mL of the primary polyclonal anti-TGF␤-1 antibody (Cedarlane Laboratories, Hornby, Canada) diluted in antibody diluting buffer (Dako Diagnostics) for 24 h at 4°C. Sections were then washed three times in 0.2 M phosphate buffer (pH 7.3; 5 min/wash), and exposed to 3.74 g/mL secondary antibody, Alexa Fluor goat anti rabbit IgG (Molecular Probes, Eugene, OR, USA) diluted in the antibody diluting buffer (Dako Diagnostics) for 30 min at room temperature. The slides were dehydrated by a sequential exposure to increasing concentrations of ethanol (30 s in 70% ethanol, 30 s in 96% ethanol, and 60 s in 100% ethanol), followed by a 5 min treatment with 99.98% xylenes (Anachemia Canada Inc., Montreal, QC). The slides were air-dried an additional 6 min. The sections were then double-stained with the 5.0 mg/mL FITC-tagged lectin RCA I diluted at 1:30 in DEPC water for 3 min. RCA I binds carbohydrate residues on endothelial cell surface and selectively stains rat brain vessels (11) . The sections were rapidly washed five times (10 s/wash) in a DEPC water, dehydrated by a sequential exposure to increasing concentrations of ethanol (Commercial Alcohols Inc., Brampton, ON), and dehydrates as above. The slides were air-dried for 6 min and observed under the Zeiss Axiovert 200 fluorescent microscope (Carl Zeiss, Maple Groove, MN, USA). The numbers of both RCA I-and TGF␤-1-positive cortical vessels were counted and analyzed in three brain sections of each animal using Northern Eclipse v.5.0 software by someone blinded to the experimental design; the ratio of TGF␤-1 immunopositive vessels to all RCA I-stained vessels was calculated for each animal.
RESULTS
Blood-brain barrier permeability after transient global cerebral ischemia
A 20 min transient forebrain ischemia induced by two vessel occlusion and hypotension produces a "typical" delayed neuronal damage in CA1 region of the hippocampus, and a diffuse neuronal loss in the neocortex (22, 23) . Histological analyses 24 h after ischemia show shrunken, eosinophilic neurons with pyknotic nuclei and increased mitochondrial injury (22) . The BBB disruption for both sucrose (15, 17) and horseradish peroxidase (24) in the same ischemia model was more pronounced in the cerebral cortex then in the subcortical brain regions. Therefore, both BBB permeability and vascular proteomic studies were performed in cortical vessels.
In experiments in five nonischemic rats baseline transfer constants for the diffusion of sucrose across the intact cortical BBB ranged from 1.48 to 2.52 nL·g -1 ·s -1 (Fig. 2) . K i values for sucrose measured at different reperfusion times after a 20 min global cerebral ischemia (Fig. 2) showed a biphasic response, with values around 10 nL·g -1 ·s -1 at 1 h of reperfusion, followed by a transient reduction at 6 h reperfusion and a dramatic secondary increase at 24 h of reperfusion reaching values over 25 nL·g -1 ·s -1 (Fig. 2) .
ICAT standardization
To analyze protein expression changes in the neurovascular unit that accompany the observed BBB disruption after forebrain ischemia, we have combined recently developed methods for staining and isolation of multicellular microvascular structures from human (11) and rat brain using LCM (10) with a gel-free ICAT proteomics technique. ICAT labeling allows mass spectrometrybased quantification of relative amounts of protein in two samples, usually a diseased and a control (25) . To facilitate the quantification of multiple samples using ICAT, a universal reference experimental design was used. Before analyzing the LCM-captured vessels, we examined whether ICAT-based proteomics is capable of accurate and reproducible quantification. In an initial experiment, the ability to accurately quantify different ratios of a standard protein was examined. Bovine serum albumin protein was labeled with either heavy (H) or light (L) ICAT reagent and mixed at 1:1, 2:1 or 1:2 H:L ratios. Each mixture was trypsin-digested and processed as described in Materials and Methods and analyzed by nanoLC-MS. Figure 3A 
was demonstrated using a biological sample. Proteins extracted from brain endothelial cells were labeled with either H or L reagent and mixed at 1:1 ratio. A scatter plot of the ICAT pairs identified in the sample is shown in Fig. 3A (right panel). After normalization, the average H:L ratio was of 1.00 Ϯ 0.13 (meanϮsd for 895 pairs; 99% confidence interval of Ϯ0.011). More than 98% of the pairs (Pϭ880) had ratios between -1.5 and 1.5. In subsequent analyses, we used a fold change of Ͼ1.5 or Ͻ -1.5 to define differential expression.
MS analysis of the LCM-captured vessels was done in two stages: 1) determination of relative peptide abundance and 2) MS/MS sequencing of differentially expressed peptides. For quantification, each of the 12 ICAT samples was analyzed by nanoLC-MS, and all heavy-light pairs of ICAT peaks (Fig. 3B) were identified using in-house developed software. A total of 3109 Ϯ 401, 2907 Ϯ 194, and 3434 Ϯ 648 different ICAT pairs were identified for 1, 6, and 24 h reperfusion groups, respectively (meanϮsd of 4 animals). In addition, 114 Ϯ 18, 77 Ϯ 13, and 129 Ϯ 22 single (unpaired) peaks were also identified for each group, respectively, which were potentially either heavy-alone or light-alone ICAT peaks.
Data normalization and detection of differentially expressed peptides
Normalization of data and determination of biologically significant differences are key processes in the analysis of large datasets. Once all of the ICAT peptide pairs and the potential unpaired peaks were identified in each sample, their intensities were visualized using Scatter plots (Log 2 H vs. Log 2 L) to assess the quality of the data (see Fig. 3C for rat 13 data). The intensities of the peaks were corrected using the global median normalization method (Fig. 3C) , which also allowed animal-to-animal comparisons. Skewness of the data, usually seen with microarray data analysis (26), was not observed with the ICAT data as examined using M vs. A plots (0.5Log 2 HL vs. Log 2 H/L; Fig. 3C ). Fold change ratios (H/L) were then calculated for each sample. The in-house software was also able to compare the intensity ratios of each peptide pair in every sample since the same control was used for all. From this analysis, the mean coefficient of variation (COV) among the biological replicates was found to be 24 Ϯ 5%, 26 Ϯ 5%, and 27 Ϯ 9% for the 1, 6, and 24 h group, respectively. ICAT pairs showing differential expression after normalization, defined as up or down-regulation by 1.5-fold, were included in a target list for sequencing analysis by nanoLC-MS/MS. Potentially unpaired ICAT peaks were also included in the list. Statistical significance (P-value) of each differentially expressed protein was calculated using a recently described statistical method for detecting biologically significant expression differences in microarray data (21). Forebrain ischemia followed by 1, 6, or 24 h of reperfusion was induced in rats and the blood-brain barrier permeability for 3 H-sucrose was measured as described in Materials and Methods. Each bar is mean Ϯ sd from 5 animals. *Significant (PϽ0.05; 1-way ANOVA) difference from sham-operated control (C).
Sequencing of differentially expressed peptides from target list using nanoLC-MS/MS
The peptide extracts were reanalyzed by nanoLC-MS/MS and only those peptides on the target lists were selected for MS/MS sequencing. Approximately 50% of the peptide ions in these lists gave good quality MS/MS spectra that could be used for database searching and protein identification. Unpaired single peaks identified as ICAT peptides were given a fold change (H/L) value of ϩ5 or -5 depending on the type of the label (H or L, respectively). From the three time groups, a total of 57 unique proteins were identified as being differentially expressed in cerebral vessels after global ischemia.
Temporal changes of identified proteins
Several proteins showed differential expression at one or two time points only. To study the kinetics of each protein, the expression values in the time points that did not show differential expression were identified by reverting back to the original nanoLC-MS data using the in-house software. The k-means pattern analysis, applied then on a complete dataset, grouped the proteins in 7 distinct dynamic patterns (Fig. 4, Table 1 ). Proteins in group A and group B (Fig. 4) showed "reverse" patterns in that they were either transiently up-regulated or down-regulated, respectively, at 1 h reperfusion. Proteins in group C showed a transient down-regulation at 1 h and 6 h reperfusion (Fig. 4) . Proteins in group D were up-regulated from 1 to 24 h of reperfusion, whereas proteins in group E were upregulated only at 24 h reperfusion (Fig. 4) . Proteins in groups F and G showed oscillatory patterns, with proteins in group F up-regulated at 6 h and proteins in group G at both 6 and 24 h reperfusion (Fig. 4) . Table 1 shows a list of all differentially expressed proteins assigned into dynamic pattern groups with appropriate identifiers that correspond to protein identity in Fig. 4 .
Functional protein categories
Differentially expressed proteins were categorized into 11 categories (Table 1, Fig. 5 ) according to their participation in biological processes using Panther Classification System (panther.celera.com). Proteins belonging to some functional categories exhibited co- ordinate temporal dynamics (Fig. 5) . Cell structure and motility proteins were down-regulated at 1 h of reperfusion and returned to control levels at 6 and 24 h. Immediate early genes and inflammation proteins were up-regulated at all reperfusion time points (Fig. 5) , whereas proteins involved in the extracellular matrix remodeling exhibited prominent up-regulation only at 24 h reperfusion (Fig. 5) . Proteins assigned to each functional category in Fig. 5 were identified in Table 1 .
Validation of observed changes with alternative techniques
To validate changes in some proteins observed by proteomic profiling, we selected IL-1␤ and TGF␤-1, classified into inflammatory and signal transduction functional categories. The up-regulation of IL-1␤ in has been shown in cultured brain endothelial cells and astrocytes in response to hypoxic stress in vitro (27) , but not in vessels in vivo. A 2-fold up-regulation of IL-1␤ protein in ischemic vessels at 6 h reperfusion was observed by both ICAT and ELISA (Fig. 6) . TGF␤-1 up-regulation in human and animal brain tissue after stroke has been linked to the pathogenesis of the angiogenic response (28, 29) . TGF␤-1 mRNA determined by Q-PCR was significantly up-regulated by 6 h of reperfusion and increased further to 75% above control levels by 24 h of reperfusion (Fig. 7A) . Consistent with TGF␤-1 mRNA expression, ICAT proteomic analyses showed an initial increase of TFG␤-1 protein at 6 h and a 3-fold up-regulation at 24 h (Fig. 7B) . Immunohistochemistry for TGF␤-1 was performed in sections adjacent to those used for LCM capture of vessels and the ratio between number of vessels stained with lectin RCA I (green) and those showing TGF␤-1 immunorectivity (red) was determined. An increased number (Fig.  7C) of RCA I-stained vascular structures immunoreactive for TGF␤-1 was detected at 24 h of reperfusion (Fig.  7G-I ) compared with sham-operated animals (Fig. 7D-F) . Increased TGF␤-1 immunoreactivity was also seen in the brain parenchyma of ischemic animals (Fig. 7E, H) .
DISCUSSION
This study reports the first comprehensive analyses of dynamic protein expression changes in brain vessels affected by ischemia/reperfusion. Ischemic brain disease, a hallmark of various brain pathologies, including stroke, brain trauma, and expansive intracranial processes, is either caused by vascular pathology (e.g., thrombosis, aneurism) or aggravated by vascular changes that result in brain edema, vasoparalysis, or microcirculatory stasis (30) . "Targeting" vascular changes in these pathologies for either therapeutic intervention or imaging applications requires mapping of temporal molecular changes in brain vessels that participate in aberrant function(s). In this report, we describe the development and application of such methods for molecular mapping and discovery of vascular target proteins implicated in ischemic brain pathology.
Proteomic analyses of diseased tissues are usually performed using the whole tissue, where heterogeneous cell composition readily masks changes in specific tissue compartments (31) . The LCM-assisted extraction of defined cell types, while addressing cell selectivity, requires capture of large cell numbers (Ͼ20,000) for gel-based proteomic analyses (13) . To analyze ischemia-induced changes in brain vessels, a method to link LCM-assisted vessel capture with an emerging MS-based ICAT proteomic technology (13, 25, 32) was developed. Recently, two other reports described an application of either 16 O/ 18 O isotopic sample labeling of LCM-extracted breast cancer cells (10,000 cells; 1-5 g protein) (33) or cICAT labeling of 50,000 -100,000 LCM-dissected hepatocellular carcinoma cells (34) coupled to LC-IT-MS/MS or 2D-LC-MS/MS analyses, respectively. Both studies were essentially conducted on two (control and disease) samples and did not report biological variations or reproducibility of the method. In this study, a quantitative comparison of relative protein levels in multiple LCMprocured samples by ICAT-LC-MS/MS was achieved using a universal pooled reference experimental design (35) . This experimental design has often been used for Table 1 . (corresponding symbols used in graphic representation are also shown in Table 1 ). Proteins were also classified into 11 functional categories significant) were considered unchanged. Other details are in Materials and Methods.
microarray analyses of time-series datasets (35) . The use of a pooled control provided a standard for reducing intra-experimental variation and allowed a more reliable comparison of data between experiments. Although the protein levels in LCM-procured samples (1 g protein from 300 vessels) in this study were comparable or lower from those reported in two other studies (33, 34) , the separation of nanoLC-MS (MS-only) survey of paired peaks from a nanoLC-MS/MS sequencing step achieved a similar protein coverage and identification of proteins in a pI range form 3 to 10, including numerous transmembrane and unknown proteins. Analyses of Ͼ 50 identified differentially expressed proteins demonstrated a sequential, orchestrated program of microvascular protein regulation over the course of postischemic reperfusion that temporally correlated with the appearance of a major vascular pathology including BBB disruption. Although LCMprocured brain vessels are highly enriched in endothelial cell markers (10) due to the anatomical organization of the neurovascular unit, some identified proteins may also originate from other cellular (e.g., astrocytes, pericytes) or acellular (e.g., basement membrane) components of the brain vascular compartment.
Early reperfusion after global cerebral ischemia was characterized by increased BBB leakiness for 3 H-sucrose, loss of vascular proteins involved in cytoskeletal and cellular integrity, loss of energy-dependent sodium pump and amino acid transporters, and up-regulation of the sodium channel and sodium bicarbonate cotransporter, all consistent with described previously losses of endothelial cell viability (36) , disintegration of tight junction structures (36) , and increased sodium and water fluxes (37) in similar models of global cerebral ischemia. The induction of proteins involved , and 24 h of reperfusion after ischemia in LCM-isolated vessels into 11 functional categories. Proteins were classified using Panther Classification system (panther.celera.com). Each spot represents a fold change of one protein. The gray area represents a fold change of Ͻ 1.5. The functional category number to which each protein is classified is given in Table 1. in carbohydrate metabolism (aldolase A and malate dehydrogenase), immediate early genes (hsp 70 and hsp 60), transcription factors (IRF-2 and DDX-5), and signal transduction molecules (FGF-11, Gna12, and cyclophilin A), pointed to an early adaptive response of surviving cellular NV unit components to reperfusion injury. IRFs regulate gene programs of host defense, cytokine signaling, and cell growth (38) through interactions with other transcription factors that control inflammatory response such as NF-B (39), whereas DEAD box helicase (DDX) regulates transcription programs of cell proliferation and VEGF expression (40) . Early up-regulation of these transcription factors suggests that signals involved in an EC switch into proliferative, inflammatory and potentially angiogenic phenotype are set in motion as early as 1 h after brain ischemia. Coincident with these changes, early upregulation of ADAM 23, a brain-specific member of disintegrin protein family (41) that interacts with alphavbeta3 integrin to promote cell attachment and adhesion (42) indicates concomitant alterations in cell-ECM interactions required for subsequent vascular remodeling.
The vascular changes in later reperfusion were characterized by a transient attenuation and subsequent dramatic increase in BBB permeability at 6 and 24 h of reperfusion, respectively. A majority of protein changes seen in early reperfusion reverted to control levels at 6 h, with only a limited number of proteins remaining differentially expressed, including an initial up-regulation of proteins involved in vascular inflammation. In contrast, 24 h reperfusion was characterized with a new wave of protein up-regulation in ischemic brain vessels. The up-regulation of transcription factors HIF-1␣, SOX18 and IRF-2, inflammatory cytokine IL-1␤ and chemokine MIP-2, and ECM-degrading metalloprotease MMP9, and down-regulation of the basement membrane proteoglycan agrin coincided with a marked BBB leakiness and vasogenic brain edema observed in the same model (16, 17) . Vascular inflammation (43) , loss of basal lamina antigens (44) , and the activation of proteolytic enzymes MMP-2 and MMP-9 (44, 45) have been described in rodent and primate brain after focal ischemia and are considered key molecular effectors responsible for BBB disruption and vascular remodeling (3, 6, 8) . Temporal and spatial (46) correlation between MMP-9 expression and Evans blue extravasation in brain microvessels has been demonstrated after a transient focal cerebral ischemia. Use of knockout animals has confirmed the importance of some of these effectors, including MMP-9 (47) and IL-1␤ (48), for vascular and neuronal outcomes after cerebral ischemia.
The expression changes of some of these effectors, such as chemokine MIP-2, in the brain vascular compartment was shown for the first time in this report. In parallel with increased expression of proinflammatory proteins, the up-regulation of annexin 1, a glucocorticoid-inducible protein that inhibits the expression and activity of inflammatory enzymes, including phospholipase A2, iNOS and inducible COX, and has a profound inhibitory effect on neutrophil and monocyte migration during inflammation (49) has been observed. Coincidentally, in global cerebral ischemia models, neutrophil recruitment into the brain is minimal despite up-regulation of recruiting adhesion molecules in brain vessels at 24 h of reperfusion (unpublished observation).
Two proteins involved in anti-oxidative defense, SOD-2 (MnSOD) and metallothionein 4, were highly expressed in brain vessels at 24 h of reperfusion. The up-regulation of SOD-2 and heme-oxygenase has been described in brain endothelial cells in vitro subjected to sublethal oxidative stress (50) . This is the first demonstration of a similar response in intact brain vessels after ischemia/reperfusion.
A hallmark of pathologies characterized by angiogenesis is tissue hypoxia. HIF-1␣, known to transcriptionally regulate genes involved in an endothelial "angiogenic switch" (51), was up-regulated in vessels 24 h after reperfusion. Since HIF-1␣ is rapidly degraded in the presence of oxygen, this suggests that in late reperfusion vessels undergo secondary hypoxic injury potentially caused by perivascular edema. HIF-1-regulated TGF␤-1 was also elevated at both mRNA and protein levels with increased number of TGF␤-1-positive brain vessels in late reperfusion. TGF␤-1 and hypoxia synergistically cooperate to induce VEGF expression (52) , and up-regulation of TGF␤-1 in the brain has previously been linked to the angiogenic response after stroke (28) . Angiogenic and proliferative vessels after stroke have been shown to lack BBB phenotype (53) and this likely accounts for the observed dramatic secondary increase in BBB permeability.
ICAT is arguably the most popular proteomic method involving differential isotopic labeling and has a number of distinct advantages that made it attractive for this analysis. However, the technique does have its limitations. ICAT selectively targets cysteine residues and therefore ϳ3% of mammalian proteins lacking cysteine residues cannot be analyzed. In addition, some cysteines are blocked or are inaccessible to the labeling reagent. Furthermore, not every ICAT labeled peptide is compatible with the nanoLC-MS and -MS/MS process. Though ICAT is better at identifying low abundant molecules than gel-based methods, the identification of very low abundant peptides by MS/MS still remains a challenge. These technical limitations could explain why differential expression of several proteins that might have been expected from the literature, such as ICAM-1, has not been observed in this study. Furthermore, a nonuniform expression of certain proteins in individual vessels is "averaged" in populations of 300 vessels captured from each animal. The technique does not provide information on protein post-translational modifications, an issue less relevant for this study, where temporal profile of protein changes was the main objective.
The neurological outcome of cerebral ischemia is often determined by vascular events. This study de-scribes innovative methods to associate dynamics of vascular protein expression with vascular pathology observed after cerebral ischemia. Identified protein markers can be used to develop molecular imaging or therapeutic approaches to monitor or treat vascular pathology in ischemic brain disease.
